Introduction
In recent years, nanotechnology has generated valuable solutions for the design of advanced functional materials, especially in the biomedical area [1] . Among nanosized materials, magnetic nanoparticles exhibit remarkable properties that can be valorized in designing novel diagnostic, therapeutic and biotechnology strategies [2] . Due to excellent biocompatibility combined with magnetic properties, magnetic nanoparticles are the focus of rapidly growing research efforts in controlled drug release [3, 4] , drug targeting [5, 6] , inhibition of microbial biofilm growth [7, 8] , stabilizing volatile organic compounds, e.g., essential oils [9] , contrast agents for resonance magnetic imaging [10, 11] , cancer therapy [12, 13] , bone cancer treatment [14, 15] or antimicrobial therapy [16, 17] . In order to improve treatment efficacy, magnetite silica nanoparticles may be processed into thin films. The thin films must closely resemble the raw starting material, with minor fragmentation, rearrangement or degradation. Physical vapor deposition of magnetite thin films would allow for the precise control of film thickness, roughness and homogeneity, slow release of an active component, increased absorption into the systemic circulation, improved dispersion, and dry and sterile coating processing. A suitable approach to fabricate complex molecules (like magnetite nanoparticles) thin films is matrix-assisted pulsed laser evaporation (MAPLE) [18] . This technique involves ultraviolet laser ablation of a frozen composite target containing the chosen complex material within a proper organic solvent. This frozen target allows for gentle desorption of complex materials by the transfer of matrix fragments. The volatile solvent absorbs most of the laser pulse. Upon heating, the solvent gently desorbs the complex molecule, forming a uniform thin film on the desired surface [19] . Different materials dissolved in different solvents have been tested [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . A recent study with iron oxidedextran thin films deposited by MAPLE demonstrated the biocompatibility of this composite material [15] . In this work, we have designed and tested a new nanosystem fabricated by MAPLE with an improved resistance to Staphylococcus aureus ATCC 25923 and Pseudomonas aeruginosa ATCC 27853 colonization and to subsequent biofilm development.
Experimental details

Materials
Ferrous sulfate heptahydrate (FeSO 4 · 7H 2 O), ferric chloride (FeCl 3 ), ammonia (NH 3 ), methanol (CH 3 OH) and tetraethyl orthosilicate (TEOS) were purchased from Merck. Salicylic acid (SA), amoxicillin (AMX), benzyl-penicillin (PEN), cefotaxime (CTX) and norfloxacin (NOR) were purchased from Sigma-Aldrich.
Nanoparticle synthesis
Magnetite iron oxide particles were prepared by wet chemical precipitation [34] from aqueous iron salt solutions by means of alkaline media, like NH 3 [35] . 0.5 g of SA was solubilized in a known volume of distilled-deionized water, corresponding to a 1.00% (w/w) solution, while stirring at room temperature. Then, 2 ml of a basic aqueous solution consisting of 28% NH 3 was added to the salicylic acid solution. After that, 500 ml solution of FeSO 4 /FeCl 3 (2/1 molar ratio) was dropped under permanent stirring up to pH = 8, resulting in the formation of a black precipitate. Magnetite/salicylic acid (Fe 3 O 4 /SA) nanoparticles were dispersed in water at 5% w/w concentration. 0.5 g NaOH and 0.5 ml TEOS were added to create the silica shell. The product was repeatedly washed with ultrapure water subsequently dried in an oven at 60 oC until reaching a constant weight. The adsorptionshell represented by 10 mg of antibiotic (ATB) (penicillins: amoxicillin-AMX for P. aeruginosa, benzyl-penicillin-PEN for S. aureus; cephalosporins: cefotaxime-CTX; quinolones: norfloxacin-NOR) was solubilized in 1 ml of methanol together with 90 mg Fe 3 O 4 /SA/SiO 2 nanopowder. This mix was ground until complete evaporation of methanol. This step is repeated three times for a uniform distribution of the organic compounds in the magnetite silica shell.
The preparation of Fe 3 O 4 /SA/SiO 2 nanoparticles is schematically depicted in figure 1. The figure shows the magnetite core nanoparticle with two successive shells: the primary shell represents the salicylic acid and the secondary layer is the silica shell. The synthesis was conducted in two steps: build-up of the salicylic acid shell followed by the functionalization with silica. The antibiotic molecules were then attached to the secondary silica shell by adsorption. The interaction force is related to the weak hydrogen bonds between sylanolic group and heteroatoms as O or N from the antibiotic structure. The nanoparticles have been recovered by magnetic separation with a strong NdFeB magnet. Dimethyl sulfoxide (DMSO) 
MAPLE experiment
Thin films were fabricated by MAPLE and drop-casting. All MAPLE depositions were conducted with a KrF * excimer laser source (248 nm wavelength, 25 ns pulse duration, 10 Hz repetition rate) which was operated at a laser fluence between 300 and 600 mJ cm −2 , and for 30 000 pulses for physicochemical investigations and 100 000 pulses for biological testing. The target was rotated at a rate of 0.4 Hz during deposition and the laser beam scanned the entire target surface at an angle of 45
• . All depositions were conducted at a background pressure of 5 × 10 −1 Pa and with a substrate-totarget separation distance of 4 cm. The target was maintained at a temperature of ∼173 K by active liquid nitrogen cooling. Thin films were deposited onto one-side polished 1 0 0 Si wafers for FTIR and SEM analysis, and optic glass for antibacterial assays/strains. All substrates were ultrasonically cleaned prior to deposition by immersion in ethanol and deionized water, and then dried in air under UV exposure from a VL-115UV lamp.
Characterization methods
Physico-chemical investigations of Fe 3 O 4 -based powder used for the fabrication of the MAPLE targets.
X-ray diffraction analysis was performed using a Shimadzu XRD 6000 diffractometer at room temperature. In all cases, Cu Kα radiation (Cu x-ray tube running at 15 mA and 30 kV) was used. The samples were scanned in the Bragg angle 2θ range of 10-80
• . TEM investigations were carried out using a JEOL JEM-ARM200F electron microscope operated at 200 kV. The Fe 3 O 4 -based particle size distribution was determined by measuring the particle size on TEM images with the facilities included in the iTEM software provided by Olympus SIS.
Physico-chemical investigations of MAPLE-deposited thin films.
A Nicolet 6700 FT-IR spectrometer (Thermo Nicolet, Madison, WI) connected to software of the OMNIC operating system (Version 8.0 Thermo Nicolet) was used to record FT-IR spectra of deposited films. The samples were placed in contact with attenuated total reflectance (ATR) on a multibounce plate of the ZnSe crystal at controlled ambient temperature (25 • C). FT-IR spectra were collected in the frequency range of 4000-650 cm −1 by co-adding 32 scans and at a resolution of 4 cm −1 with strong apodization. All spectra were normalized against a background of an air spectrum. After every scan, a new reference air background spectrum was taken. The plate was carefully cleaned by wiping with hexane twice followed by acetone and dried with soft tissue before filling in with the next sample. The spectra were recorded as absorbance values at each data point in triplicate. The morphology of magnetite silica thin films was observed by an EVO 50XVP Carl Zeiss scanning electron microscope (SEM) equipped with an LaB 6 filament and a maximum accelerating voltage of 20 kV. Further the samples were sputtered with a thin layer of platinum prior to imaging.
Biological investigations. (i)
Microbial strains used for antimicrobial activity assay. The influence of the obtained functionalized surfaces on the microbial biofilms growth was carried out using bacterial suspensions of 0.5 McFarland obtained from 24 h cultures [36, 37] using ATCC reference microbial strains, i.e. Gram-positive (Staphylococcus aureus ATCC 25923) and Gram-negative (Pseudomonas aeruginosa ATCC 27853) strains. The microbial strains identification was confirmed with the aid of a VITEK II Compact automatic system [38] . VITEK cards for identification and susceptibility testing (GNS-522) were inoculated and incubated according to the manufacturer's recommendations. The results were interpreted by using software version AMS R09.1. (ii) Microbiological assay investigation procedure-microbial adherence to the coated slide specimens. The microbial adherence ability was investigated in six multiwell plates, in which 1 cm 2 slides were placed either (a) uncoated (used as controls) or coated with (b) magnetite silica nanoparticles and, respectively, (c) magnetite silica nanoparticles loaded with the tested antibiotics. Plastic wells were filled with 2 ml liquid medium, inoculated with 300 μL 0.5 McFarland microbial suspension and incubated for 24 h at 37
• C. After 24 h, the culture medium was removed, the slides were washed three times in phosphate buffered saline (PBS) in order to remove the non-adherent strains, and fresh glucose broth was added. The same procedure as mentioned above was repeated after 48 and 72 h incubation period. For each 24 h, viable cell counts (VCCs) were achieved for both working variants in order to assess the biofilm forming ability of the two strains. For this purpose, the adhered cells were removed from the slides by vortexing and brief sonication. Serial dilutions ranging from 10 −1 to 10 −16 of the obtained inocula were spotted on Muller Hinton agar, incubated for 24 h at 37
• C and assessed for VCCs [39, 40] . (iii) Microbial adhesion to eukaryotic cells grown on the pelliculised coverslips. HeLa cells (American Type Culture Collection-ATCC) were grown in DMEM:F12 medium (Sigma, USA) with 10% heat-inactivated fetal bovine serum (Sigma, USA). 3 × 10 5 cells were seeded in a 35 mm Petri dish in the presence of the previously sterilized functionalized slides and then incubated at 37
• C for 24 h. After incubation, the integrity of the cellular monolayer, as well as the presence of a cytotoxic effect, was evaluated by examining the monolayer in the inverted microscope. The effect of coated substances on cell viability was assessed by adding 100 μl propidium iodide (PI) (0.1 mg ml -1 ) and 100 μl fluorescein diacetate (FdA) (0.1 mg ml −1 ) The fluorescence was quantified using an Observer. D1 Carl Zeiss microscope. All cells from several fields were counted and cell viability was established by the ratio between viable cell number (green) and total cell number (viable cell-green and dead cellsred). (iv) Statistical analysis. The statistical significance of the obtained results was analyzed using GraphPad Prism version 5.04 for Windows, GraphPad Software, San Diego, CA, USA, www.graphpad.com. We used for comparison the number of CFU ml -1 as revealed by the readings of three values/experimental variant. Logarithmated values were used for statistical analysis. We chose to employ two-way ANOVA and Tukey's multiple comparison tests, for revealing significant differences among the analyzed groups. 
Results and discussion
Fe 3 O 4 -based powder
The diffraction peaks centered at 2θ = 30.32
• [41] . Silica could not be identified by the XRD because of its amorphous nature (figure 2). The nanoparticle size histogram (figure 4(a)) obtained from a number of 105 nanoparticles has been fitted with a log-normal curve centered around an average value of 10.3 ± 0.4 nm and a FWHM width of 6 nm.
The qualitative analysis of the EDS spectra ( figure 4(b) ) allowed for the detection and identification of the chemical elements in the investigated specimen. The EDS spectra acquired on five different groups of nanoparticles on the same specimen reveal the presence of Fe, O, Si and Na. The Cu and C peaks are due to the copper TEM grid provided with a holey carbon membrane. The quantitative analysis of the detected elements is subjected to systematic errors which are significantly higher in the case of peaks with low signalto-background ratio (SBR) corresponding to elements with poor concentration. In addition, the precise quantification of the light elements (oxygen, for instance) is extremely delicate, depending very much on the local geometry (e.g. specimen thickness, specimen orientation with respect to the EDS detector, take-off angle, etc). The quantitative results regarding Fe, Na and Si are 89.16 ± 0.02 at%, 7.59 ± 0.57 at% and 3.25 ± 1.06 at%, respectively. ) was identified using preliminary comparative FTIR analysis between spectra of the drop-cast material and thin films deposited by MAPLE at 300, 400, 500 and 600 mJ cm −2 . At higher fluence values, the active material transferred onto the substrates in form of thin films has a modified chemical structure compared with the unprocessed compound. In figure 5 , the FTIR spectra of both drop-cast and thin films of Fe 3 . Peaks around 3335 cm −1 are assigned to characteristic silanolic groups and ∼2920 cm −1 peak to specific C-H stretching vibration modes. As a general remark, for 400 mJ cm −2 MAPLE-deposited thin film spectra show a very close similarity to the corresponding drop-cast FTIR spectra in the characteristic fingerprint region. The small peak broadening is related to the active compound-nanoparticle shell surface interaction with no influence over functional properties.
MAPLE-deposited
Thin films deposited at 400 mJ cm −2 laser fluence with an estimated average thickness of (∼2 μm) were analyzed by SEM (figure 6) in order to study the uniformity of the coverage on the substrate. For comparison, we show images of the uncoated Si substrate surface. It can be seen that thin films exhibit a higher number of aggregates on top of its surface. It seems that the aggregates do not act as nucleation centers. Macroscopically, the thin films are uniform, but at higher magnification they look grainy. These grains have almost the same size, of a few microns.
Biological activity
The microbial biofilm, composed of a single or multiple species, is defined as a sessile community of microbial cells irreversibly attached to a substrate or an interface and also among them. They are embedded in a matrix of extracellular polymeric substances as their own products, exhibiting a modified phenotype concerning the rate of growth and gene transcription. The majority of microbes are able to develop multicellular biofilm communities [42] . Our previous studies have demonstrated that P. aeruginosa and S. aureus strains isolated from cardiovascular devices associated biofilms exhibit a changed profile of antibiotic resistance, in terms of increased tolerance to high doses of antibiotics, compared with their planktonic counterparts. This aspect is very important for the readjustment of the treatment and prevention of infections associated with prosthetic devices [43] . The microbial biofilms are also resistant to host defense mechanisms, thus representing an ongoing source of infection. In vitro biofilm models are important tools in experimental medical science to better understand the development and behavior of such microbial communities [44] . They also allow for the study of the resistance to colonization of different materials and the anti-biofilm efficiency of different antimicrobial substances.
In vitro models for biofilm development could range from static mono-cultures to the development of diverse mixed cultures growing under dynamic conditions. During this study , (b) detail of (a), (c) uncoated Si substrate and (d) detail of (c).
we used a static model for the development of monospecific biofilms formed by two model microorganisms (i.e. S. aureus and P. aeruginosa) [39, 40] . In order to overcome the limits of the static conditions in predicting the in vivo behavior of the tested strains, we measured the number of viable cells adhered to the obtained samples at different incubation times (24, 48 and 72 h). In our previous studies, we demonstrated that functionalized, nanostructured surface-based approaches could open new perspectives for the design of antimicrobial and antibiofilm biomaterials [45] . We also demonstrated that the incorporation of cephalosporins of second, third and fourth generation into magnetic chitosan microspheres leads to an improved delivery of antibiotics in active forms [46] . In this study, we tried to evaluate the antimicrobial properties of MAPLE-deposited magnetite silica coatings (with and without antibiotic) (figures 7 and 8).
We specifically determined if the nanostructured material could elute antibiotics in an active form that would be efficacious in inhibiting S. aureus and P. aeruginosa adherence and growth. The dynamics of S. aureus and P. aeruginosa biofilms on the tested substrates was different. This could be related to the different growth rate of the tested strains, as well to the very different mechanisms that induce biofilm formation in different species. It includes a vast array of exopolysaccharides, secreted proteins and cellsurface adhesions, small molecules such as homoserine lactones, antibiotics and other secondary metabolites that all contribute to the development, the structural integrity and the maintenance of biofilm communities [47] .
The number of the viable cells included in biofilm and quantified by CFU ml -1 followed an ascendant dynamics at 24 and 48 h followed by a drastic decrease of VCCs at 72 h for both S. aureus and P. aeruginosa. [16] . We have shown that FeOA nanofluid is a potential controlled release vehicle of (+) -usnic acid (UA) antibiofilm agent. The UA loaded into nanofluid exhibited an improved antibiofilm effect on S. aureus biofilm formation. This was proved by the drastic decrease of the VCCs as well as by confocal laser scanning microscopy images [16] .
At P. aeruginosa strain, the influence of our nanosystems seems to be correlated not only with the initial adhesion stage, but with the inhibition of the mature biofilms as well. Figure 9 shows the morphology of HEp-2 cell line grown on the obtained functionalized thin films. The cytotoxic effects of the obtained nanosystems for 24 h on the HEp2 cell line were evaluated by double fluorescent staining with PI and FdA. They showed no toxicity on the tested eukaryotic cell line, with the cell mortality index being less than 5% and the cellular monolayer exhibiting a homogeneous development on the entire surface of the obtained slides. These results suggest the possibility of the in vivo use of this nanostructured system for biomedical applications with minor risks for the occurrence of side effects.
Conclusions
We have synthesized magnetite/salicylic acid/silica shell (Fe 3 O 4 /SA/SiO 2 ) powder by wet chemical precipitation. XRD and TEM investigations proved that the powder is a magnetite-based compound. We have demonstrated that MAPLE is an efficient technique for obtaining thin films of magnetite/salicylic acid/silica shell/antibiotics (Fe 3 O 4 /SA/SiO 2 /ATB) nanoparticles with a chemical structure similar to the starting and drop-cast materials. We have experimentally identified the appropriate laser fluence value to synthesize these complex chemical compounds of 400 mJ cm −2 . SEM micrographs revealed a uniform morphology of MAPLE-deposited thin films. Fe 3 O 4 /SA/SiO 2 /ATB thin films exhibited an inhibitory activity on the ability of microbial strains to develop biofilms, in a strain-and antibiotic-dependent manner. We concluded that the tested thin films incorporating antibiotics (amoxicillin, benzyl-penicillin, cefotaxime and norfloxacin) are efficient against initial as well as late stages of biofilm growth proving the controlled release of the tested antibiotics in active form. Therefore, we conclude that our nanosystem could be used to prevent both the initial adhesion stage and the development of mature biofilms.
